Biotic interactions are hypothesized to be one of the main processes shaping 11 trait and biogeographic evolution during lineage diversification. Theoretical and empirical 12 evidence suggests that species with similar ecological requirements either spatially exclude 13 each other, by preventing the colonization of competitors or by driving coexisting 14 populations to extinction, or show niche divergence when in sympatry. However, the extent 15 and generality of the effect of interspecific competition in trait and biogeographic evolution 16 has been limited by a dearth of appropriate process-generating models to directly test the 17 effect of biotic interactions. Here, we formulate a phylogenetic parametric model that 18 allows interdependence between trait and biogeographic evolution, thus enabling a direct 19
ecological traits and discrete-valued ranges within and between lineages, our inference 151 framework is extensible to more general models of co-evolution than studied here. 152 To our knowledge, this is the first study that models biogeographic history and 153 continuous trait evolution as interdependent with one another. This allows assaying 154 previously untestable hypotheses explaining the biogeographic history of clades at the 155 intersection of evolutionary biology and ecology. 156 Model Table 1 summarizes the effect of model parameters upon the evolution of sympatric 233 lineages for reference. 234 Adopting a Bayesian perspective allows one to directly detect the effect of 235 sympatric interactions on trait and range evolution. When the 95% highest posterior 236 density (HPD) does not contain the value ω x = 0, we reject the hypothesis that traits 237 evolve independently among lineages. Similarly, we interpret HPDs that do not contain 238 ω 1 = 0 or ω 0 = 0 as evidence against colonization and extirpation rates being independent 239 of interspecific effects. parameters are informed by sympatric differences in traits in the currently inhabited area(s). The colonization parameter (ω 1 )
is informed by differences in traits between the colonizing lineage and the resident trait distribution in the area to be colonized.
progressing forward until observing the present values at the tips at time T . We denote the 247 entire trait evolutionary history along the phylogenetic tree as X and the entire 248 biogeographic history as Y . As above, let x i (t) be the trait value, in continuous space, for 249 lineage i at time t. For a set of K discrete areas, k ∈ {1, . . . , K}, let y i,k (t) be 1 if lineage i 250 is present in area k or 0 if it is absent at time t. Thus, the geographic range of lineage i at 251 time t can be represented by the vector y i (t) = {y i,1 (t), . . . , y i,K (t)}. Excluding 252 distributions in which species are absent at all areas (i.e., forbidding lineages from going 253 globally extinct), this yields a biogeographic state space containing 2 K − 1 possible ranges.
254
We sample n tips at the present, each with trait value, x i (T ), and occurring at a subset of 255 discrete locations, y i (T ). These observations are the result of trait evolution and of species 256 changing their geographic range either by colonizing (area gain) or going locally extinct 257 (area loss) across time.
258
We model the effect of competition on the trait evolution of lineage i using the following SDE
if ω x = 0 (no effect)
and 260 ∆y j,i (t) = k y j,k (t)y i,k (t) k y i,k (t) represent trait and range differences between lineages, respectively. That is, the strength of 261 biotic interactions for the focal lineage i at time t is measured in relation to the weighted 262 sum of trait differences with other species, ∆x j,i (t), scaled proportionally to the amount of 263 range overlap, ∆y j,i (t). Figure 2a illustrates the behavior of this SDE. Importantly, it 264 befits the theoretical expectation that competition strength should wither as trait 265 dissimilarity increases. Fortunately, the inference scheme that we use (see below) provides 266 great flexibility in specifying the deterministic part of the SDE, as long as it is a function
To test the effect of biotic interactions on biogeographic history, we allow for rates 269 of colonization and local extinction for a given lineage i to vary according to the similarity 270 between its phenotype x i and that amongst all species currently in an area. Specifically, let 271 u, v be geographic ranges that differ only on area k, with u k = 0 and v k = 1, and let 272λ l (i, k, t, λ l , ω l , X, Y ) for l = {0, 1} be the instantaneous rates of area gain or loss, respectively, for area k and lineage i at time t. Then, we define
λ l is the "basal" rate of colonization or extinction, ω l describes the effect of biotic 276 interactions on rates of colonization or extirpation, and φ i,k (t) is the minimal distance in 277 trait space between lineage i and those in area k.
278
Equation 5 is a simplified version of the Generalized Logistic function (see 279 Appendix). Note that when ω 1 is negative, these functional forms designate λ 1 as the 280 maximum colonization rate when an area is unoccupied, and the presence of other species 281 induces a penalty on the rates, in turn, when ω 1 is positive colonization rates are enhanced.
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Similarly, λ 0 is the rate when an area is unoccupied, and sympatric species induce a rate 283 increase with ω 0 > 0 and a decrease when ω 0 < 0. In both cases, the penalty is dependent 284 on the minimum distance between the focal species i and those in the area being 285 considered k (i.e., φ i,k ). Thus, the magnitude of ω 1 and ω 0 reflect the relative effect in 286 which biotic interactions affect biogeographic rates ( Figure 2b ).
287
A discretized time scheme.-We wish to compute the probability of a single, exact 288 co-evolutionary history of traits and ranges along all branches of a phylogeny. Even for a 289 single trait-range history, we were unable to derive an analytical form of the transition 290 probabilities for trait evolution (Eq. 4) and range evolution (Eq. 5) as functions of probabilities we need to compute the model probability; and, second, it provides a basis to 295 rapidly query the complete evolutionary state shared across lineages, areas, and traits at regular time intervals, which is essential for computing the transition probabilities.
Figures 3a and 3b
illustrate an example output of our two-stage discretization 298 procedure, which results in the ordered vector of times, τ . The procedure works as follows.
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Let t 0 = 0 be the crown age of the tree, and let T be the time at which we observe the tip 300 trait values, X obs , and range values, Y obs . Also, let branch b have a start time t bs and end 301 time t bf , such that t b = t bf − t bs . The first stage divides each t b into K + 1 equally spaced 302 time slices (i.e., the number of areas plus one), yielding the vector of sampling times
Because we only allow one event per time step, 304 the number of slices, K + 3, guarantees that lineage i has more than the minimum number 305 of steps possibly needed to evolve from range y
absolutely different from y i (b f ) (for example, it would take at least three events for the
The second stage sets a 308 minimum time step allowed in the analyses, δt min , and proceeds forwards in time to 309 subdivide the remaining periods such that no time step is larger than δt min . In practice, we 
Likewise, for each branch b, we record an ordered set 315 of vectors describing the biogeographic history of the lineage,
Likelihood calculation.-We are not aware of an analytical form for the transition probabilities corresponding to the range-dependent trait evolution model (Eq. 4), so we approximate the likelihood using the Euler-Maruyama method (see Appendix). The likelihood for trait evolution for branch b is then
where
The likelihood for the biogeographic history in discrete time can be deconstructed into a series of events and nonevents within small windows of time. An event is defined as either an area colonization or loss, and a nonevent as no change in state. Let l = {0, 1}, then the likelihood after some time δt for area k is
.
Then, the likelihood for branch b across all areas is:
The prior probabilities for each state are usually set to the stationary frequencies 320
given by the dispersal rates λ 1 and λ 0 . We could not derive an analytical solution for these incorporating the trait evolution likelihood and multiplying across all branches, we get the
where M c is the model incorporating biotic interactions. then the probability that two or more events at times occur within δt is 340 P c = P(two or more events < δt) = 1 − P(0 events in δt) − P(1 event in δt)
= 1 − r 0 e −r 0! − r 1 e −r 1! sampled geographic range at the node and those at the end nodes. The simplified
where the first term is the ratio between the likelihoods of the proposed and current 
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Finally, to better explore parameter space, we make joint X aug and Y aug proposal 407 updates. For the first joint update, we uniformly sample a branch and update the trait 408 history using a Brownian bridge proposal and update biogeographic history using 409 stochastic mapping as described above. Secondly, we uniformly sample an internal node 410 and generate a joint proposal for the node and the the three adjoining branches. The 411 acceptance ratio for these proposals is
Posterior median and HPD estimates
Trait 1 : Hypothetical example of a time-discrete history with interdependence between biogeographic and trait evolution for two species, a (no stripes and solid lines) and b (white stripes and dotted lines), across two areas, I (orange) and II (blue). We assume that there is in situ competition, fixing ωx = −1, that there is competitive exclusion by fixing ω 1 = −1, and that there is extinction mediated competition by fixing ω 0 = 1. Furthemore, we assume that the random drift σ 2 = 0.1, the base rate of colonization λ 1 = 1 and the base rate of extinction λ 0 = 1. The trait under consideration is the standardized size, specified by X(t). Y (t) conveys the specific biogeographic history for each species; filled circles represent the species occupies the area while empty ones that it is absent. The deterministic component of our Stochastic Differential Equation is given by fx(·) and determines the directionality of trait change when in sympatry (Equation 4). Effective rates of colonization per species per area is given byλ 1 (·); the highest rate of colonization is λ 1 and is given when an area is empty (e.g., last two time steps for area II; Equation 5). Effective rates of extinction per species per area is given byλ 0 (·); the lowest rate of local extinction is λ 0 and is given when the species is alone in an area (Equation 5). Drawings and values are mathematically consistent following our model. form relating trait differences for lineage i and those in area k, φ i,k , and the logarithm of the effective rates of colonization or extinction, log(λ l (·)). Here, l indicates a gain (1) or loss (0) event, for different values of ω l . Purple colors represent ω l values close to −2 and orange colors close to 2. If ω l < 0, lower trait differences between lineages suffer higher penalties in rates of colonization or extirpation relative to larger differences, if ω l = 0, thenλ l (·) = λ l = 2, and finally if ω l < 0, larger trait differences between lineages enhance the rates of colonization or extirpation. absence. Note that all branches have at least five internal discrete sampling times, that is, one more than the number of areas in the current system. We set the minimum time interval here to be 2% for the tree height for illustration purposes. Each symbol and color represents a different set of true values used for the simulation, corresponding to those used in Figure   4 . The dotted line corresponds to 95% of HPDs across simulations covering the true simulated parameter. 100 data augmented trait histories for PC1 (beak size). Absolute deterministic effects of biotic interactions on trait evolution for sympatric lineages are colored from grey (isolated evolution under Brownian motion) to purple (strongest effect of biotic interactions). b) Example of present-day effect of biotic interactions in colonization rates between two species that are phenotypically similar, Certhidea fusca and C. olivacea. The areas are displayed as circles arranged in a column, with currently occupied areas (islands) in black and unoccupied areas colored according to effective colonization rates following the color scale in Figure 6d (below). Note that areas occupied by the sister species suffer a colonization penalty and reflect competitive exclusion in beak size as given by our model. c) Marginal data augmented biogeographic histories for the same 19 areas shown in Figure 6b .
Alpha opacity denotes the marginal probability of presence at a given time for a given lineage-area. The color scale represents the average effect of biotic interactions on local extinction rates (purple denoting higher rates of local extinction and orange, no influence). Currently occupied areas are shown with black unfilled circles at the tips. d) As in Figure 6c , but alpha opacity denote the marginal probabilities of absences at a given time for a given lineage-area, and the color scale represent the average effect of biotic interactions on colonization rates (purple denoting lower rates of colonization and orange no influence). Currently occupied areas are shown with black filled circles at the tips. e) Posterior marginal densities for the parameter governing biotic interactions (left: ωx, middle: ω 1 , right: ω 0 ) for each of the four phenotypic traits analyzed separately. The results suggest in situ competition for beak size and strong convergence for tarsus and beak shape. All traits show strong penalization for colonization when similar. See text for further details. Finch silhouettes from Caroline O'Donnell, redrawn from Biological Sciences Curriculum Study, Biological Science: Molecules to Man, Houghton Mifflin (1963) .
